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1. Introduction 
 
Fish can suffer lethal damage to swimming bladder or other organs due to extreme loud impulse sounds 
caused by e.g. pile driving (Popper & Hastings 2009). Juvenile and adult fish can actively swim away 
from a sound source, but planktonic larvae are not able to do this. As a result, fish larvae may suffer 
more from underwater noise than the older life stages. Despite the many indications for adverse effects, 
detailed information on the effect of different sound levels on fish is still scarce, especially for the early 
life stages. 
 
Within the framework of the Appropriate Assessment of Dutch offshore wind farms, the effect of piling 
noise on the southern North Sea population of herring, sole, and plaice larvae was simulated (Prins et al. 
2009). For this, an existing larval transport model (Bolle et al. 2005, 2009, Dickey-Collas et al. 2009, 
Erftemeijer et al. 2009) was expanded with crude assumptions on larval mortality caused by pile driving. 
The model results were extrapolated to other fish species and older life stages, based on “expert-
judgment",  in an attempt to assess the effect of offshore piling on the prey availability for birds and 
marine mammals in Natura 2000 areas (Bos et al. 2009). This assessment involved a large number of 
uncertainties. The first and most important uncertainty was the range around a piling site in which larval 
mortality occurs. It was assumed that 100% mortality occurs up to a distance of 1 km from the piling 
site. However, little is known about larval mortality rates in relation to the level of exposure to piling 
noise.  
 
In general, there is an urgent need to obtain more knowledge on the effect of sound on fish (survival, 
distribution, and behaviour) during different life stages. More particularly, in view of the rapid extension 
of offshore wind farms, there is an urgent need to fill the knowledge gap on lethal effects of loud impulse 
noises caused by pile driving. The broader aim of the current project is to examine the effect of piling 
noise on the survival of fish larvae. However, within the limited resources and time frame of the Shortlist 
research programme it is not possible to carry out field experiments, nor is it possible to execute 
elaborate series of experiments. The first goal within the Shortlist programme is to examine the 
feasibility of laboratory experiments with pile driving noise and fish larvae. The second goal is to use the 
laboratory set-up in a pilot study aiming at determining the threshold at which mortality of fish larvae 
occurs.   
 
This shortlist study is limited to laboratory experiments, lethal effects, larvae of 1 species (sole, Solea 
solea) and 3 series of experiments (trials). The study consists of exposure-effect experiments only; the 
effects of pile driving at the population level will not be modelled, nor will the results be extrapolated to 
other species or life stages. 
 
The progress to date has been documented in a series of memo’s. These memos are included in this 
report as Appendices and are summarised in the following sections.  
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2. Methods 
 
2.1 Phase 1 
 
The approach taken in this study is novel in 2 ways: sound exposure experiments with fish larvae and 
generating piling noise in a laboratory set-up. Therefore the project has been divided in 2 phases. During 
the first phase the feasibility of laboratory experiments with piling noise and fish larvae was examined. 
This phase was completed by a go/no-go decision before the second phase, the actual exposure 
experiments, was started.  
 
The evaluation of the feasibility of the approach and a description of the preparations is presented in TNO 
memos 1-3 (Appendix A-C) and IMARES memo 1 (Appendix D).  
 
TNO memo 1 (Appendix A) describes requirements for the simulated piling noise spectra and levels. In 
addition 3 options are discussed for a laboratory test set-up. It was concluded that the most promising 
option is to develop an exposure chamber, driven by an underwater loudspeaker. With this so-called 
larvaebrator (derived from an existing experimental set-up in the USA for larger fish), effects of pressure 
and particle velocity can be tested independently: by driving a rigidly enclosed chamber using a piston, 
the pressure is raised with negligible particle velocity, while by driving a semi-open chamber, the velocity 
is raised at negligible increase of pressure. The acoustic pressure is measured by pressure transducers, 
mounted flush in the wall of the chamber. The particle velocity is measured by a watertight 
accelerometer mounted on the surface of the piston of the projector. 
 
TNO memo 2 (Appendix B) describes the practical design of the experimental test set-up. The 
‘larvaebrator’ design consists of an LFPX-4 projector (underwater sound source, Figure 1 left panel) on 
which a compact chamber (Figure 1, middle panel) is placed. The chamber is filled with sea water in 
which the larvae are inserted. The piston of the projector is also the bottom of the chamber and can 
directly excite the water with a given signal. Depending on the required exposure, the top cover (Figure 
1, right panel) of the chamber can be closed (pressure excitation) or released (velocity excitation).  
 
       
Figure 1. LFPX-4 projector (left), compact chamber for larvae (middle) and top cover (right). 
  
TNO memo 3 (Appendix C) describes the performance validation test of the experimental test set-up. A 
new specification has been added to the design requirements of the test set-up: for both the velocity and 
pressure source test conditions, it has to be possible to introduce a static overpressure inside the 
chamber, varying between about 0.2 and a maximum of 3 bar (Figure 2). This overpressure should 
better simulate the variety of underwater conditions for the range of depths at which the larvae occur 
(see IMARES memo 1).  
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Figure 2. A 3D impression of the experimental test set-up (left) and laboratory test set-up with sound 
projector, larvae chamber, reservoir and pressure regulator (right). 
 
Two measured noise signals are selected to excite the water in the chamber, one at 100m and one at 
800m from a pile at the OWEZ wind farm. The amplitude will be varied in 4.5 dB steps, which roughly 
corresponds with doubling of the distance to the pile (see Table 1). 
 
Table 1. Sound levels at different distances. 
  
 
The sound field reproduced the original recorded wav-files quite accurately in case of pressure excitation. 
The pressure distribution in the chamber was very homogeneous in that configuration. The maximum 
achievable pressure levels for pressure excitation are about 1-2 dB higher than required for this study. In 
case of maximum velocity excitation, the pressure levels are 8-13 dB lower than in case of pressure 
excitation. Because the required velocity levels are about 8 dB lower than the maximum velocity levels, it 
follows that the pressure levels in case of velocity excitation are negligibly small, compared to the levels 
for pressure excitation. 
 
IMARES memo 1 describes the preparations required for experiments with fish larvae: sources from 
which larvae can be obtained, DEC (Animal Experiments Commission) formalities, laboratory facilities, 
and procedures for handling larvae, maintaining larvae and scoring survival based on test trial 
experiences. Furthermore this memo presents an estimation of larval mortality without exposure to 
sound, biological arguments for choosing certain values for larval stage and water pressure, and a test 
scheme for the first trial with sound exposures.  
 
Sole (Solea solea) larvae obtained from a hatchery in IJmuiden (SOLEA BV) were chosen for this pilot 
study, because of the high frequency of spawning episodes in this hatchery and for practical reasons 
(quick and easy delivery of larvae due to close connections with IMARES).  
 
Several test trials, i.e. experiments without exposure to noise, have been carried during the first phase 
of the project. Primary goal of these test trails was to develop and optimise procedures for handling 
larvae, maintaining larvae and scoring survival. These procedures (described in detail in IMARES memo 
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1)  were further optimised based on experiences obtained in the second phase of the project and an 
update of procedures is presented in IMARES memo 2 (Appendix F). 
 
Larval mortality without sound exposure was estimated based on the test trials. Average mortality (test 
trial 3 results, 3 samples, 25 larvae per sample) was 4% (sd=4%) after 5 days and 11% (sd=12%) after 
16 days. These mortality rates are considered to be low, i.e. much lower than natural mortality in the 
field. Although average mortality was low, variability between batches was high with no apparent 
explication. 
 
The test trails were also used to address specific questions with regard to the (design of) the 
experimental set-up, such as vertical distribution of larvae in the test chamber and the effect of rapid 
changes in overpressure. The latter is reported in IMARES memo 2, as it wasn’t possible to carry out the 
4th (additional) test trial on the effects of changes in overpressure prior to the first trail with sound 
exposures. 
 
2.2 Phase 2 
 
The “go” decision for the 2nd phase of the project was taken on 20 September 2010. The 3 trials with 
sound exposures were carried out in October-December 2010. An overview of the sound exposures and 
the preliminary results of these trials are presented in TNO memo 4 (Appendix E) and IMARES memo 2 
(Appendix F). 
 
As little is known about the critical values for sound parameters with regard to larval survival, the aim of 
the first trial was to examine the sensitivity range. Hence we chose to maximise the number of 
exposures and minimise the number of replicates. A test scheme was designed in which each exposure 
depended on the results of the previous exposure (IMARES memo 1). This iterative approach is the most 
effective way to find critical sound exposure levels, but it depends on immediate visibility of the effects of 
sound exposure. Trial 1 consisted of 6 sound exposure and 2 control experiments in duplo (see Table 2 in 
IMARES memo 2). 
 
High ‘batch variability’ (variability between batches with the same treatment) was observed in the 
previous trials. Therefore the number of replicates for each treatment was increased in the 2nd trial, at 
the expense of the number of exposures. The iterative approach was reduced to 1 exposure representing 
100m and 1 stroke and 2 follow-up scenario’s. Trial 2 consisted of 5 sound exposure and 2 control 
experiments in 4-fold (see Table 3 in IMARES memo 2). 
 
The same approach was chosen for trial 3, i.e. 1 exposure representing 100m and 1 stroke and 2 follow-
up scenario’s. The number of replicates for each treatment was further increased. Trial 3 consisted of 5 
sound exposure and 2 control experiments in 5-fold (see Table 4 in IMARES memo 2). 
 
Different larval stages were used in the 3 trials: stage 1 (yolk-sac stage) in trial 1, stage 2 in trial 2, and 
stage 3 (swim bladder maximally inflated) in trial 3. Batch-size for each experiment was 25 (±2) larvae 
in trial 1 and 2, and 28 (±2) in trial 3. All experiments were carried out with no or a low (0.5 bar) 
overpressure.  
 
The acoustic measurements of trial 1 are presented in TNO memo 4.  
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3. Preliminary results 
 
Mortality rates were scored directly after the experiment and daily until 10-12 days after the experiment.  
 
No instantaneous effects were observed in any of the 3 trials. The mortality rate directly after the 
experiment was 0% for all experiments, except 4 experiments in trial 1 (1 dead larva) 
 
In trial 1, no clear differences were observed between the different treatments 1-12 days after the 
experiment. Differences at T=12 are statistically insignificant, but the statistical power of 2 replicates is 
limited given the large variability between batches with the same treatment. 
 
In trial 2, the highest pressure exposure, corresponding to a distance of 100m and 100 strokes, 
appeared to have an effect on mortality after 5-10 days. A cumulative mortality rate of 80% after 10 
days was observed for this exposure ,compared to 60% in the control group (Figure 3). A difference of 
this magnitude, i.e. 50% of the larvae which survive ‘natural mortality’ are killed due to noise, is 
relevant. The difference, however, was not statistically significant. A larger number of replicates is 
necessary to be able to assess the statistical significance of a difference of this magnitude, given the 
large variability between batches with the same treatment.  
 
The monitoring results for trial 3 are not yet available.  
 
 
0%
20%
40%
60%
80%
100%
0 1 2 3 4 5 6 7 8 9 10
m
e
a
n
 c
u
m
u
la
ti
v
e
 m
o
rt
a
li
ty
days after experiment
Pressure 
control 1
control 2
P-200m-200s
P-100m-050s
P-100m-100s
0%
20%
40%
60%
80%
100%
0 1 2 3 4 5 6 7 8 9 10
m
e
a
n
 c
u
m
u
la
ti
v
e
 m
o
rt
a
li
ty
days after experiment
Velocity 
control 1
control 2
V-200m-200s
V-100m-100s
0%
20%
40%
60%
80%
100%
c
o
n
tr
o
l 
1
P
-2
0
0
m
-2
0
0
s
P
-1
0
0
m
-0
5
0
s
P
-1
0
0
m
-1
0
0
s
m
e
a
n
 c
u
m
u
la
ti
v
e
 m
o
rt
a
li
ty
 a
t 
T
=
1
0
 (
+
 s
e
)
Pressure
0%
20%
40%
60%
80%
100%
c
o
n
tr
o
l 
1
V
-2
0
0
m
-2
0
0
s
V
-1
0
0
m
-1
0
0
sm
e
a
n
 c
u
m
u
la
ti
v
e
 m
o
rt
a
li
ty
 a
t 
T
=
1
0
 (
+
 s
e
)
Velocity
 
Figure 3. Trial 2 results. Left: mean cumulative mortality rate for each treatment 0-10 days after 
experiment. Right: mean cumulative mortality rates (± se) for each treatment 10 days after the 
experiment (95% confidence limit = 3.2*se at n=4). 
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4. Preliminary conclusions 
 
This study has showed that it is possible to examine the effects of loud impulse sounds, such as pile 
driving noise, on the survival of fish larvae in the laboratory. Major advantage of laboratory experiments 
compared to field experiments is that variables (both sound parameters and co-variables such as static 
pressure) can be controlled, allowing investigation of the critical variables and processes causing 
mortality. Furthermore, insights obtained from laboratory experiments will facilitate future field 
experiments.  
 
The pilot experiments so far are not conclusive on the threshold at which larval mortality occurs. The 
results indicate that exposure to sound causes mortality at 207 dB cumulative SEL (corresponding to the 
sound of 100 strokes at a distance of 100m from a ‘typical’ piling site). No effect is observed at a 3 dB 
lower exposure level (50 strokes at 100m). These findings are tentative. Additional experiments are 
required to prove the statistical significance. However, based on these results, the validity of the 
hypothesis of 100% mortality up to 1000m from the pile driving site (assumption Appropriate 
Assessment) appears to be unlikely.' 
 
The indicative mortality threshold at 207 dB cumulative SEL is 24 dB (~ 250 times) higher than the 
interim criterion for injury to fish less than 2 grams from pile driving activities, as agreed by the US 
Caltrans Fisheries Hydro acoustic Working Group (Oestman et al. 2009). This discrepancy raises the 
question whether the results for sole larvae can be extrapolated to other fish species. Furthermore, 
additional experiments to determine dose-effect relationships taking into account relevant sound 
parameters (e.g. peak pressure versus cumulative SEL, signal shape) and co-variables (e.g. static 
pressure) are required. Finally, field experiments are necessary to confirm the results obtained in 
laboratory experiments.  
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